Abundant implant-derived biomaterial wear particles are generated in aseptic loosening and are deposited in periprosthetic tissues in which they are phagocytosed by mononuclear and multinucleated macrophage-like cells. It has been stated that the multinucleated cells which contain wear particles are not bone-resorbing osteoclasts. To investigate the validity of this claim we isolated human osteoclasts from giant-cell tumours of bone and rat osteoclasts from long bones. These were cultured on glass coverslips and on cortical bone slices in the presence of particles of latex, PMMA and titanium. Osteoclast phagocytosis of these particle types was shown by light microscopy, energy-dispersive X-ray analysis and SEM. Giant cells containing phagocytosed particles were seen to be associated with the formation of resorption lacunae. Osteoclasts containing particles were also calcitonin-receptor-positive and showed an inhibitory response to calcitonin.
Many implant-derived biomaterial wear particles are found in periprosthetic tissues surrounding loosened arthroplasty components. 1 They stimulate a heavy foreign-body response in the fibrous pseudomembrane surrounding the implant which is characterised by the presence of numerous macrophages and macrophage polykaryons containing phagocytosed wear particles. [2] [3] [4] The bone surrounding the pseudomembrane has areas of osteolysis in which macrophages, macrophage polykaryons and osteoclasts are found.
Osteoclasts are multinucleated cells which can express calcitonin receptors and carry out the highly specialised function of lacunar bone resorption. 5 They share a number of functional, cytochemical and morphological features with macrophages and macrophage polykaryons, 6, 7 including the ability to phagocytose inert particulates, 8 but it is generally believed that they do not phagocytose biomaterial wear particles at the bone-implant interface. Willert, Bertram and Buchhorn 9,10 performed morphological studies of the bone-implant interface of cemented and uncemented arthroplasties and concluded that osteoclasts did not contain phagocytosed polymeric or metallic biomaterial wear particles. A recent NIH consensus statement 11 on hip replacements affirmed this opinion, stating that "osteoclasts do not contain debris particles". Kadoya et al 12 have, however, highlighted the difficulty of distinguishing osteoclasts from macrophage polykaryons, both morphologically and histochemically, in periprosthetic tissues. The cellular response to wear particles is thought to play an important role in causing the osteolysis of aseptic loosening. 1, 13, 14 The bulk of the wear particles appears to lie within macrophages and macrophage polykaryons which are found in the pseudomembrane and pseudocapsule surrounding the implant. Most studies have concentrated on the effect of biomaterial particle phagocytosis on the function of these cells and the way in which specific types of particle enhance the release of mediators that stimulate osteoclastic bone resorption. 1, [13] [14] [15] In addition, it has been shown that macrophages which have phagocytosed particulates are capable of osteoclast differentiation. 16 The possibility that osteoclasts themselves are capable of phagocytosing wear particles has not been specifically examined. This is important since the precise composition, size and shape of the biomaterial particulates have been shown to influence significantly the extent of bone resorption. 1, 14, 15, 17 Our aim was to determine whether osteoclasts are capable of phagocytosing polymeric and metallic biomaterial particles, as well as particles of a test material, latex, in the wide size range commonly found in periprosthetic tissues. We have also determined whether osteoclasts which have phagocytosed these particles retain their specific phenotypic characteristics, in particular, expressing calcitonin receptors, exhibiting an inhibitory response to calcitonin and, most importantly, carrying out lacunar bone resorption.
MATERIALS AND METHODS
We obtained latex particles of 0.1 m, 1 m and 10 m diameter from Sigma Chemicals, Poole, UK. CMW acrylic cement containing BaSO 4 contrast agent (Dupuy, Leeds, UK) was polymerised according to the manufacturer's instructions and polymethylmethacrylate (PMMA) particles prepared by crushing the cement using a steel mortar pestle and then a Tema micromill (Siebtechnik, Germany). The resultant particles were passed through a set of mesh sieves to produce PMMA particles of less than 50 m in diameter. Particles of titanium (1 to 3 m) were obtained commercially (Johnson Mathey, UK).
Particles of each type were weighed, sterilised in absolute alcohol, suspended in alpha minimum essential medium (Gibco, Paisley, UK), sonicated for ten minutes, then added at a concentration of 20 g/ml to culture wells containing either human cortical bone slices or glass coverslips. Control culture wells contained bone slices or glass coverslips to which no particles had been added. In all cases the bone slices and glass coverslips were incubated at 37°C in 5% CO 2 . Isolation of osteoclasts. Human osteoclasts were isolated from two giant-cell bone tumours in which they are present in large numbers. 18 Specimens of fresh tumour were washed in medium and finely curetted into 2 ml of medium in a 35 mm tissue-culture dish. The curetted tissue was vigorously agitated using a blunt-ended glass pipette. Large fragments were allowed to settle and approximately 150 l of the resultant cell suspension were added to 7 mm wells containing glass coverslips 6 mm in diameter or human cortical bone slices (4 ‫ן‬ 3 mm) prepared as previously described.
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Rat osteoclasts were isolated from the femora and tibiae of three-day-old neonatal rats as previously described. 20 The bones were curetted in 2 ml of medium in a 35 mm tissue-culture dish and 150 l of suspension similarly settled onto glass coverslips and bone slices as described above. Addition of particles to osteoclast cultures on bone slices and glass coverslips. The osteoclast-containing suspensions were settled on glass coverslips and bone slices for 30 minutes. These were then removed from the wells, washed vigorously in medium to remove non-adherent cells and placed in 16 mm wells containing 1 ml of medium supplemented with 10% medium with fetal calf serum. Particles of latex, PMMA and titanium were suspended in medium with fetal calf serum and were added to culture wells at a final concentration of 20 g/l. Particles were not added to control osteoclast cultures. Detection of particle phagocytosis and calcitonin response of isolated osteoclasts containing particles. Human or rat osteoclast cultures, on glass coverslips, were incubated for either 2 hours, 24 hours or 3 days, then fixed in 4% glutaraldehyde in 0.1 M phosphate buffer and Giemsa-stained for light microscopy. In addition, rat osteoclast cultures on glass coverslips were incubated for 24 hours after which salmon calcitonin (Rorer, Welwyn Garden City, UK) at a concentration of 1 g/ml was added to each well. Cultures to which particles had been added and control cultures were continuously observed by phase-contrast microscopy to determine whether a morphological response to calcitonin was evident, indicating inhibition of osteoclast activity. 20 Cultures were then fixed in 4% buffered glutaraldehyde and Giemsa-stained. Autoradiography for detection of calcitonin receptors on isolated osteoclasts containing particles. Rat osteoclast cultures on glass coverslips, with and without added particles, were incubated for 24 hours after which 125 Iradiolabelled calcitonin was added to the cultures. After incubation for a further two hours they were fixed in 4% buffered glutaraldehyde and dipped in silver emulsion.
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SEM examination of isolated human and rat osteoclasts containing particles to detect bone resorption. Human and rat osteoclast cultures on bone slices were incubated for either 2 hours, 24 hours or 3 days before they were fixed in 4% buffered glutaraldehyde for 30 minutes. The specimens were dehydrated through a graded ethanol series, critical point dried from CO 2 , then sputter-coated with gold and examined using a Philips SEM 505 scanning electron microscope.
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Detection of phagocytosis by energy-dispersive X-ray analysis. Human and rat osteoclast cultures on bone slices were incubated for periods of 24 hours and 3 days before being fixed and processed for SEM as described above. The specimens were then examined in a scanning electron microscope (ISI-40, International Scientific Instruments, Bury St Edmunds, UK) linked to an energy-dispersive Xray analysis system (860 Series 2, Link Analytical Ltd, High Wycombe, UK) which allowed identification of specific elements through any chosen window down to the bone surface. 22 The results show as a series of peaks on an energy-dispersion spectrum profile. Specific positions on the spectrum correspond to specific elements and the relative proportion of each element present is reflected in the height of each peak. All osteoclasts seen in relation to lacunar resorption pits were subjected to X-ray microanalysis through regions without associated external partic-les for detection of intracellular barium (present in PMMA particles) and titanium. The elemental profiles obtained from osteoclasts incubated with biomaterial particles were compared with control profiles from cells without added particles.
RESULTS

Histological findings.
Osteoclasts derived from human giant-cell bone tumours and from neonatal rat long bones were seen by phase-contrast microscopy as large multinucleated cells that were highly motile. They had broad pseudopodia and abundant cytoplasm in which latex particles 1 m and 10 m diameter were readily identified. The smallest latex particles (0.1 m) could not be seen. Particles of 1 m and 10 m were also evident on Giemsa staining of cell cultures (Figs 1a and 1b) . Although individual particles of 0.1 m were not visible on Giemsa staining, fine granularity of the osteoclast cytoplasm was seen on Giemsa staining of cultures to which these particles had been added. In cultures to which PMMA particles had been added, Giemsa staining showed clear vacuoles in the cytoplasm of all multinucleated cells. Some of these vacuoles were phagocytosed PMMA particles which also contained weakly birefringent barium particles (Fig. 1c) . Titanium particles were seen as small and large aggregates of black particulates in the cytoplasm of isolated osteoclasts (Fig.  1d) . In osteoclast cultures to which 1 m latex, PMMA and titanium particles had been added, these were seen in all osteoclasts examined after 2 and 24 hours and 3 days of incubation. In 24-hour and 3-day cultures to which latex particles of 10 m had been added, however, only about half of the osteoclasts appeared to have phagocytosed particles. Detection of calcitonin receptors and response to calcitonin. Autoradiography showed binding of 125 I-radiolabelled calcitonin by osteoclasts containing PMMA, titanium and latex particles confirming the presence of functional calcitonin receptors in particle-containing osteoclasts (Fig. 2) . The addition of salmon calcitonin (1 g/ml) to 24-hour rat osteoclast cultures on glass coverslips and osteoclasts containing PMMA, titanium and latex particles produced a calcitonin response in all with cessation or marked inhibition of cell motility and rapid retraction of cytoplasmic processes (Fig. 3) . Control and particle-containing osteoclasts appeared to respond similarly to calcitonin administration. Generally, a calcitonin response by osteoclasts was seen within 5 to 15 minutes, with inhibition of cytoplasmic motility lasting for 2 to 4 hours. SEM and energy-dispersive X-ray analysis of bone resorption by osteoclasts containing PMMA, titanium and latex particles. Human and rat osteoclasts were readily identified by SEM in 2-and 24-hour and 3-day cultures on bone slices by their large size, extensive cytoplasm and complex morphology. In control cultures, the osteoclasts had numerous fine microvilli on their free surface with lobulated or folded pseudopods or fine filopodia contacting the bone surface. Bone resorption was seen in all 24-hour and 3-day cultures of control, latex-, titanium-or PMMAcontaining rat or human osteoclast cultures (Fig. 4) . The extent of the formation of resorption pits varied depending on the number of osteoclasts on the bone slices. In 24-hour cultures, there were up to 12 resorption pits on bone slices on which rat osteoclasts had been isolated and up to 15 on those containing osteoclasts derived from human bone giant-cell tumour, both in the presence and absence of latex or biomaterial particles. Phagocytosed particles of 1 m and 10 m latex were clearly evident in both human and rat osteoclasts in all 2-and 24-hour and 3-day cultures. Particles of 0.1 m, however, were not easily seen and produced no obvious change in osteoclast morphology on SEM. Latex particles of 1 m appeared as small blebs on the osteoclast cell surface, and cytoplasmic processes extending from the cell body of the osteoclasts appeared blunted or rounded (Fig. 4a) . Those of 10 m had been phagocytosed by osteoclasts and were Autoradiographs of rat osteoclasts which had been incubated for two hours with 125 I-radiolabelled calcitonin. Positive binding shows as granular stippling of the cells due to silver emulsion development. Photomicrographs of rat osteoclasts responding to calcitonin administration by cytoplasic retraction in the presence of (a) PMMA and (b) titanium particles (Giemsa ‫ן‬ 290).
seen as large spherical masses deforming the cell outline (Fig. 4b) . Large cells containing 1 m and 10 m latex particles were found immediately overlying or close to typical lacunar resorption pits which consisted of welldefined round or oval areas containing a base of mineralised collagen fibres. Smaller macrophage-like cells were also noted to have phagocytosed 1 m and 10 m latex particles, but these were not associated with the formation of resorption pits. Lacunar resorption was seen in 24-hour and 3-day cultures but not in 2-hour cultures.
There was also pit formation in 24-hour and 3-day cultures of rat and human osteoclasts to which PMMA and titanium particles had been added. A change in the shape or morphological appearance of osteoclasts containing PMMA particles was not obvious on SEM, although PMMA particulate matter was often seen on the osteoclast cell surface (Fig. 4c) . Osteoclasts incubated with titanium particles frequently had bright spots on SEM which on high magnification were found to correspond to small irregular protruding areas beneath the cell surface (Fig. 4d) ; these bright or charged areas were probably due to increased numbers of backscatter electrons produced by intracellular titanium particles (i.e., atomic number contrast).
In cultures to which barium-containing PMMA or titanium particles had been added, energy-dispersive X-ray analysis showed that all osteoclasts in relation to resorption pits had evidence of intracellular barium and titanium (Figs 5a and 5b) and the elemental profiles in these cases corresponded well to reference profiles for barium and titanium, respectively. In particular, all charged areas as described above in osteoclasts incubated with titanium particles showed prominent titanium peaks. Osteoclasts without . This was shown to be a titanium particle on energy-dispersive X-ray analysis.
added particles did not show any barium or titanium peaks (Fig. 5c) . These results confirmed the presence of phagocytosed biomaterial particles in osteoclasts which were in the process of or had completed formation of lacunar resorption pits.
DISCUSSION
Wear particles are often seen within cells that lie at the interface between the bone and pseudomembrane and at this site can also be found within multinucleated cells that actually line the bone surface. 4, 12, 23 Osteoclasts are multinucleated cells uniquely specialised for lacunar bone resorption. They belong to the mononuclear phagocyte system 24 which consists of many cell types such as monocytes, macrophages, Kupffer cells and microglia. A common feature of all these cells is the ability to carry out phagocytosis avidly and efficiently. In both man and experimental animals, it has been shown that osteoclasts are able to develop from mononuclear precursors isolated from either bone marrow or the circulation, and that these precursors express many of the phenotypic characteristics of mononuclear phagocytes. 25, 26 Osteoclasts have previously been shown to be capable of phagocytosis of latex particles and glutaraldehyde-fixed red cells similar to that of macrophages and macrophage polykaryons, 8 but it is commonly thought that they do not contain or are incapable of phagocytosing biomaterial wear particles. Thus particle-containing multinucleated cells that line the bone surface at the bone-implant interface are generally regarded as foreign-body giant cells or macrophage polykaryons rather than osteoclasts.
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We have shown that osteoclasts are efficient phagocytic as well as bone-resorbing cells. They are capable of phagocytosing both polymeric and metallic biomaterial particles of a wide range of size similar to that typically found in periprosthetic tissues, 1, 7, 15, 23 from submicron particles to those at the upper size limit for phagocytosis. We also found that osteoclasts that had phagocytosed particles continued to express the specific phenotypic features of the Energy-dispersive X-ray analysis profiles of human osteoclasts cultured for 24 hours on bone slices with or without biomaterial particles. Calcium and phosphorus peaks were due to the underlying bone. Gold was present due to the sputter-coating preparation for SEM (P = phosphorus; Ca = calcium; Au = gold; Ba = barium; Ti = titanium). osteoclast phenotype, i.e., they expressed calcitonin receptors, showed an inhibitory response to calcitonin administration and, most importantly, remained able to carry out lacunar bone resorption. Our findings suggest that, contrary to conclusions drawn from morphological studies, some of the wear particle-containing multinucleated cells that line a bone surface undergoing osteolysis are likely to be osteoclasts and not macrophage polykaryons. Several mechanisms have been proposed to account for the way in which wear particles contribute to the osteolysis of aseptic loosening. These include stimulation of macrophage and fibroblast production and release of proteases, prostaglandins and cytokines, some of which are known to stimulate osteoclastic bone-resorbing activity. 7, 13, 15 It has also been shown that wear-particle-associated macrophages derived from inflammatory foreign-body granulomas formed in response to polymeric and metallic biomaterial particulates commonly used in arthroplasty components are able to differentiate into osteoclastic bone-resorbing cells. 27 Both generation of functional osteoclasts from mononuclear phagocyte precursors and stimulation of osteoclastic bone-resorbing activity are influenced by the nature of the biomaterial particles phagocytosed by these cells. We have shown that osteoclasts can phagocytose biomaterial particulates. It is therefore possible that phagocytosis of different types of biomaterial particulate or a number of particleassociated factors, such as differences in composition (e.g. addition of radio-opaque agents) or particle size or shape, may influence the bone-resorbing activity of osteoclasts and thus the osteolysis of aseptic loosening. 14, 17, 28 One question raised by our findings is the possible source of the particles which may be found in osteoclasts at the bone-implant interface. As has been previously shown, this may be due to transport of wear particles in joint fluid into tissues surrounding the implant, including the boneimplant interface; 29 at this site, these particles would presumably be phagocytosed by osteoclasts. Alternatively, particle-containing osteoclasts may be derived from monocytes or macrophages which have phagocytosed wear particles. Resorbing bone is known to be a chemoattractant for monocytes, 30 and biomaterial particle-containing mononuclear phagocytes have been shown to be capable of differentiating into osteoclastic lacunar bone-resorbing cells. 27 Giant-cell formation is also known to occur after the simultaneous attachment of two phagocytes to the same ingestible material, 26, 31 fusion of endosome margins of phagocytes leading to the formation of a giant cell. Fusion of avian monocytes and osteoclasts has previously been described, 32 and it is possible that fusion between particlecontaining macrophages and osteoclasts could also explain the presence of particles within multinucleated cells at the bone-implant interface. All these possible mechanisms are consistent with the morphological observation that extensive or rapid periprosthetic osteolysis of cemented or uncemented implants is associated with a particularly heavy particle load. 33, 34 Our study has therefore highlighted the need for further research on the effects of different biomaterial types and characteristics on osteoclast function; this will contribute to better understanding of pathological bone resorption in aseptic loosening and possible future therapeutic developments.
